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Mammalian epidermis displays a characteristic calcium
gradient, with low calcium levels in the lower, basal,
and spinous epidermal layers, whereas calcium levels
increase progressively towards the outer stratum granu-
losum, and declining again in the stratum corneum. As
the calcium gradient disappears after acute permeabil-
ity barrier disruption, and returns after 6 h in parallel
with barrier recovery, barrier function (through restric-
tion of transcutaneous water movement) could regulate
the formation of the epidermal calcium gradient. Two
types of experiments con¢rmed the role of barrier
status in regulating the calcium gradient: (i) either a
vapor-permeable membrane (Gore-Texs) or an emolli-
ent (Vaselines), applied after acute barrier disruption,
immediately restored barrier function, while accelerat-
ing the return of the calcium gradient, and (ii) in con-
trast, applications of lovastatin, a cholesterol synthesis
inhibitor, which delayed barrier recovery and retarded
the return of the calcium gradient. We next asked
whether the calcium gradient is formed/maintained by
passive and/or active mechanisms. Previous studies have
demonstrated that cold exposure (41C) blocks perme-
ability barrier recovery after acute disruption. Here,
we abrogated the barrier with tape-stripping, and then
compared barrier recovery and restoration of the cal-
cium gradient in hairless mice exposed to 41C external
temperatures, with and without occlusion with Gore-
Texs. Although low levels of returned calcium
throughout the epidermis, acutely disrupted, unoc-
cluded, cold-exposed sites showed neither barrier re-
covery nor reappearance of the calcium gradient at 5 h.
In contrast, acutely disrupted, cold-exposed sites, cov-
ered with Gore-Texs, likewise displayed little barrier
recovery, but the calcium gradient largely returned by
3 h. These results show that (i) barrier status regulates
formation of the calcium gradient, and (ii) passive pro-
cesses alone can account for the formation/maintenance
of the calcium gradient. Key words: calcium/cold/di¡eren-
tiation/epidermis/transepidermal water loss/ultrastructure. J
Invest Dermatol 119:1269 ^1274, 2002
T
he gradient of calcium (Ca) within the epidermis,
with highest levels in the stratum granulosum (SG)
and lowest levels in the basal cell layer (Menon et al,
1985b), is very important for both permeability bar-
rier homeostasis and epidermal di¡erentiation. The
Ca gradient disappears after acute barrier disruption by organic
solvents, detergents, or tape-stripping, reappearing after 6 h in
parallel with barrier restitution (Menon et al, 1992a; Mao-Qiang
et al, 1997; Mauro et al, 1998). Decreased Ca levels in the outer
epidermis signal the rapid, lamellar body (LB) secretory
response to acute barrier disruption, which is the initial step in
the recovery response. Moreover, secretion and barrier recovery
are inhibited when acutely perturbed sites are exposed to high
Ca (Lee et al, 1992, 1994; Mao-Qiang et al, 1997). Rapid secretion
of preformed LB from outer SG cells is the initial response that
ultimately leads to barrier restoration (Menon et al, 1992b; Elias
et al, 1998a). This early response is followed by: (i) stimulation of
lipid synthesis in the underlying epidermis (Menon et al, 1985a;
Grubauer et al, 1987); (ii) further production/secretion of new LB
(Menon et al, 1992a); and (iii) organization of secreted and
processed lipids into mature lamellar membrane structures (re-
viewed in Elias and Menon, 1991). Together, these metabolic
responses lead to a rapid restoration of barrier function (Grubauer
et al, 1989). Yet, the central role of Ca is shown by the obser-
vation that LB secretion can be manipulated by changes in Ca,
independent of barrier abrogation (Menon et al, 1994; Lee et al,
1998).
In addition to signaling the LB secretory response, Ca is a well-
known regulator of keratinocyte di¡erentiation (Yuspa et al, 1989;
Bikle et al, 1996). Many of the unique proteins required for kerati-
nocyte di¡erentiation, including involucrin, small proline-rich
proteins, loricrin, ¢laggrin, and keratins, are regulated in vitro by
changes in Ca at a transcriptional, and in some cases at a post-tran-
scriptional level (e.g., processing of pro¢laggrin to ¢laggrin, and
activation of transglutaminase) (Polakowski and Goldsmith, 1991;
Simon, 1994).We showed recently that modulation of Ca levels in
the outer epidermis regulates these di¡erentiation-linked processes,
not only in vitro, but also in vivo (Elias et al, 2002). Thus, modula-
tions in epidermal Ca regulate events lead to the generation of
both corneocytes and the extracellular matrix in a coordinate, but
inverse, fashion.
Despite indirect evidence that supports a link between barrier
status and Ca gradient formation, the basis for the epidermal Ca
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gradient is not known. The indirect evidence in support of this
association can be summarized as follows. As noted above, the
gradient is lost when the barrier is either acutely or chronically
disrupted, returning to normal as Ca percolates into the epider-
mis from deeper skin layers, in parallel with normalization of
barrier function (Menon et al, 1992b; Mao-Qiang et al, 1997;
Mauro et al, 1998). Second, the Ca gradient appears in fetal skin
in parallel with the appearance of a competent permeability bar-
rier (Elias et al, 1998b). Third, we have shown recently that when
barrier status is modulated by sustained exposure to either an in-
creased or decreased external humidity (Denda et al, 1998), the Ca
gradient changes accordingly (Elias et al, 2002). Finally, diseases
characterized by an abnormal barrier, such as experimental essen-
tial fatty acid de¢ciency and psoriasis, are accompanied by a loss
of the Ca gradient (Menon and Elias, 1991; Menon et al, 1994; Pal-
lon et al, 1996).Whereas passive movement of Ca with transcuta-
neous water £ux can account, in theory, for changes in the Ca
gradient, the epidermis possesses a broad array of energy-depen-
dent membrane transporters (Mauro et al, 1993; Bale and Toro,
2000; Missiaen et al, 2000), which could facilitate formation/
maintenance of the Ca gradient.We report here experiments that
(i) show directly the link between barrier status and the epider-
mal Ca gradient, and (ii) demonstrate that passive (di¡usional)
mechanisms alone can account for Ca gradient formation.
MATERIALS AND METHODS
Materials Male hairless mice, aged 8^12 wk old, purchased from Charles
River Laboratories (Philadelphia, PA), were used for these studies. Baseline
transepidermal water loss (TEWL) levels were measured prior to
experiments, with an electrolytic water analyzer (Meeco Co.,Warrington,
PA) (Menon et al, 1985a). Skin temperatures were measured using a digital,
multipurpose thermometer (model BAT-10, Physitemp. Instr., Inc.,
Clifton, NJ). Gore-Texs was produced byW.L. Gore and Associates, and
purchased at Nairains Outdoor Fabrics and Sewing Specialists (Berkeley,
CA). Petroleum jelly (petrolatum, Vaselines brand) was obtained from
Blue Cross Laboratories (Santa Clara, CA).
Experimental procedures In the ¢rst set of experiments, the barrier
was disrupted by sequential tape-stripping (TEWLZ4 mg per cm2 per
h), and the reappearance of the Ca gradient at room temperature was
compared in tape-stripped plus Gore-Texs-wrapped, petrolatum-treated,
and untreated sites at 0, 3, and 6 h, as described previously (Grubauer
et al, 1989; Halkier-Sorensen et al, 1995; Mao-Qiang et al, 1995). Skin
temperatures were measured, and the kinetics of barrier recovery were
compared over occluded and unoccluded sites, at the same time-points.
In a second set of experiments, male hairless mice were tape-stripped on
both £anks until TEWLZ4 mg per cm2 per h. Immediately after acute
disruption, 50 ml of lovastatin [2.5% wt/vol in propylene glycol/ethanol
(7 : 3 vol)] was applied to a 2.5 cm2 area on one £ank, whereas the
contralateral £ank was treated with vehicle alone (Feingold et al, 1990).
TEWL recovery rates then were compared over lovastatin and vehicle-
treated sites 3 and 6 h after barrier disruption, and biopsies were obtained
for Ca localization studies (see below).
In the third set of cold-exposure experiments, the following
experimental groups of animals were studied while under chloral hydrate
anesthesia (n¼ 6 each): (i) tape-stripped followed by cold exposure (41C)
for 5 h, and (ii) tape-stripped, followed by immediate application of a
Gore-Texs membrane, and cold exposure for 5 h. Cold exposure (areas
of 3.14 cm2) was achieved by continuous surface applications of iced
normal saline. To control for separate e¡ects of external moisture alone,
we treated a separate group of animals with normal saline alone either at
room temperature (23^251C), or at a normal skin temperature (331C). To
control further for the possibility of Ca leakage out of the tissue into the
cold saline solution, another set of animals were tape-stripped and allowed
to recover at an air temperature cold enough to maintain skin surface
temperature at between 4 and 101C by keeping the mouse in close
proximity to a liquid nitrogen-¢lled copper tube (n¼ 5).While the skin
was exposed to the ice slurry or cold air, the contralateral side of the
animals were warmed constantly in a water bath (371C), to maintain a
normal core temperature. After 5 h, the Gore-Texs wrap was removed,
skin temperatures were recorded, and TEWL rates were then measured,
followed by skin biopsy for Ca localization (see below). In all
experiments, the ambient air temperature was 23^251C and the relative
humidity was 35^43%.
Statistical comparisons were carried out using the Student’s t-test, and
ANOVA analysis, where di¡erences between three or more groups were
compared.
Electron microscopy Glutaraldehyde-¢xed specimens were processed,
for standard electron microscopy, utilizing osmium tetroxide (OsO4)
post¢xation in parallel with samples for Ca localization. Ca was localized
by ion-capture cytochemistry, as described previously (Menon et al, 1985a,
1992a). This method has been validated repeatedly for the assessment of
sites of relatively high vs low Ca concentrations by a variety of
quantitative methods, e.g., electron probe microanalysis (Forslind et al,
1985) and proton-induced X-ray emission (Forslind et al, 1984, 1985, 1995;
Mauro et al, 1998). Brie£y, the samples were minced to o0.1 mm3, and
immersed in a precooled ¢xative (o41C), which contained 2%
glutaraldehyde, 2% formaldehyde, 90 mM potassium oxalate, and 1.4%
sucrose, pH 7.4, remaining overnight in the ice-cold ¢xative in the dark,
the samples then were post¢xed in 1% OsO4, containing 2% potassium
pyroantimonite, at 41C in the dark for 2 h, rinsed in cold distilled water
(adjusted to pH 10), followed by graded ethanol washes, and embedding
in an Epon-epoxy resin mixture. Ultrathin (60^80 mm) sections were
doubled stained with uranyl acetate and lead citrate, and examined in a
Zeiss 10A electron microscope, operated at 60 kV. The status of the Ca
gradient was evaluated by an uninvolved investigator, who examined,
coded, randomized micrographs from each experiment.
RESULTS
The calcium gradient returns rapidly under vapor-
permeable dressings In normal murine epidermis, the basal
and spinous layers contain few Ca precipitates, with a
progressive increase towards the outer nucleated layers of the
epidermis, reaching the highest density within the outer SG
layer (Menon et al, 1985a). As described previously (Menon et al,
1992a), barrier disruption by tape-stripping caused an immediate
disappearance of the epidermal Ca gradient, with marked
depletion of both intracellular and extracellular Ca evident
in the outer nucleated layers of the epidermis (Fig 1). At
2^3 h after tape-stripping, the extracellular and cytosolic
compartments were still largely depleted of Ca precipitates
(Fig 1B), but by 5^6 h, a partial return of Ca precipitates was
evident both in the extracellular and cytosolic compartments of
all epidermal nucleated cell layers (not shown; see Menon et al,
1992b). Between 12 and 24 h after tape-stripping, the epidermal
Ca distribution almost resembled normal (not shown).
As Ca could not yet be demonstrated in the epidermis at 3 h,
we utilized this time-point to assess whether the immediate,
arti¢cial restoration of permeability barrier function, with either
a vapor-permeable dressing (Gore-Texs) or an emollient
(petrolatum), would accelerate the reappearance of the Ca
gradient. Prior studies have shown that blockade of all water
movement with a vapor-impermeable (Latexs) membrane
completely inhibits the return of Ca (Menon et al, 1992a). In
contrast, when barrier function is restored immediately, with
low rates of transcutaneous water movement (Grubauer et al,
1989; Ghadially et al, 1992; Halkier-Sorensen et al, 1995; Mao-
Qiang et al, 1995), using either Gore-Texs or petrolatum, the Ca
gradient largely returns by 3 h (Fig 1C,D vs 1B). These results
show that rapid imposition of an arti¢cial barrier, with
immediate reduction of transcutaneous water £ux to low levels,
accelerates the reappearance of the epidermal Ca gradient.
Lipid synthesis-induced delay in barrier recovery results in a
delayed reappearance of the Ca gradient The previous group
of experiments show that immediate, arti¢cial restoration of the
permeability barrier, with restricted, but ongoing water loss,
accelerates return of the Ca gradient. We next asked, instead,
whether experimentally induced retardation of barrier recovery
would cause a parallel delay in the reappearance of the Ca
gradient. As described previously (Feingold et al, 1990), a single
application of lovastatin again caused a signi¢cant delay in
barrier recovery in comparison with recovery rates over
contralateral, vehicle-treated sites at 3 and 6 h, respectively (35
and 25% delay at 3 and 6 h, respectively). Accordingly and in
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parallel, there was little or no return of the epidermal Ca gradient
at either 3 or 6 h, whereas vehicle-treated sites demonstrated an
almost replete Ca gradient by 6 h (Fig 2A vs 2B). Whereas the
occlusion studies demonstrate the accelerated reappearance of the
Ca gradient with arti¢cial imposition of a barrier, these results
show, conversely, that an experimentally induced delay in barrier
recovery results in a parallel delay in reappearance of the Ca
gradient.
Cold exposure also blocks barrier recovery and retards
return of the Ca gradient Prior studies showed that exposure
to reduced external temperatures delays barrier recovery
(Halkier-Sorensen et al, 1995). Therefore, we next employed this
model to again assess the barrier^Ca link. Hairless male mice
were treated on one £ank with tape-stripping and cold vs room
temperature exposure for 5 h. At room temperature, tape-
stripping is followed by a rapid recovery phase, leading to 60^
70% recovery of TEWL by 5^6 h (Fig 3), with near
normalization of barrier function by 24 h (not shown). In
contrast, both cold air-exposed £anks and cold slurry-exposed
£anks demonstrated a marked delay in barrier recovery (Fig 3).
By 5 h of tape-stripping plus cold exposure, moderate quantities
of Ca precipitates had returned to the epidermis (Fig 4C vs 4B),
but the amounts were less than levels in tape-stripped sites that
were allowed to recover at room temperature (Fig 4C vs 4A).
Yet, whereas substantial Ca returned at 41C, it did not form a
typical gradient (Fig 4A vs 4C); i.e., levels of precipitate were
equal in all nucleated cell layers, and some Ca precipitates even
appeared in the stratum corneum (SC) (Fig 4C;Table I). These
results show, in a second, unrelated model, that when barrier
recovery is delayed, Ca reappears, but gradient formation is
retarded.
Arti¢cial barrier restoration results in return of a Ca
gradient in cold-exposed skin We next asked whether the
cold-induced delay in reappearance of the Ca gradient re£ects a
requirement for active (metabolic) processes in gradient
reformation, or whether it re£ects the absence of a barrier. If
passive (barrier-related) processes alone su⁄ce, then occlusion
with a vapor-permeable membrane, such as Gore-Texs, should
facilitate reappearance of the Ca gradient, even when metabolic
processes are largely inhibited at 41C. Gore-Texs was applied to
tape-stripped skin sites for 5 h during exposure to the reduced
temperatures. Although the Gore-Texs-occluded sites displayed
a 2^31C higher skin temperature than sites exposed to cold
alone, there was a signi¢cant delay in barrier recovery in the
underlying epidermis after removal of the Gore-Texs wrap (10
vs 55% recovery for room temperature; Fig 3), indicating that
cold exposure inhibits metabolic responses required for barrier
repair, even under a Gore-Texs membrane. Even at reduced
temperatures, and despite signi¢cant inhibition of barrier
recovery, tape-stripped sites, occluded with Gore-Texs and
exposed to cold air for 5 h, demonstrated substantial
reformation of the Ca gradient, in comparison with cold-
exposed, nonoccluded sites, which display Ca dispersed
throughout the epidermis (Fig 4D vs 4C). Furthermore, in both
of the immersion controls, i.e., in tape-stripped sites exposed to a
saline solution at either 23 or 331C for 5 h, barrier recovery was
Figure1. Reappearance of Ca gradient is accelerated when barrier
function is arti¢cially restored. (A) Normal (Nm) epidermal Ca gradi-
ent, with highest density of electron-dense precipitates in SG, and low le-
vels in both SC, and subjacent stratum spinosum (SS) and stratum basale
(SB). (B) Three hours after tape-stripping (TS; note removal of most SC),
little or no Ca is present in epidermis, although Ca precipitates can be seen
in the dermis (D). (C,D) When barrier is arti¢cially restored, immediately
after tape-stripping by application of either Gore-Texs (G) or petrolatum
(Vaseline,V) wrap, substantial Ca precipitates are present in epidermis. Scale
bars¼ 2 mm. Pyroantimonate precipitation, followed by OsO4 post¢xation.
Figure 2. Reappearance of Ca gradient is delayed when barrier
recovery is delayed. (A) Six hours after tape-stripping (TS) and a single
lovastatin (Lov) application, little or no Ca precipitates are evident in epi-
dermis. (B) In contrast, inTS plus vehicle (Veh)-treated sites, substantial Ca
has returned (arrows). Scale bar¼1 mm. Pyroantimonate precipitation, fol-
lowed by OsO4 post¢xation.
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normal (Fig 3), and the Ca gradient was comparable with that in
normal epidermis (Table I). Together, these results demonstrate
that, despite cold exposure su⁄cient to inhibit the metabolic
responses required for barrier recovery, a Ca gradient reappears
with imposition of an arti¢cial, vapor-permeable barrier.
DISCUSSION
Several correlative studies support a relationship between barrier
status and the epidermal Ca gradient, but none clearly demon-
strate the interdependence of the two. These indirect studies have
shown that: (i) the Ca gradient disappears after acute barrier ab-
rogation, independent of the method of disruption, and returns
in parallel with barrier recovery (Menon et al, 1992a; Mao-Qiang
et al, 1997; Mauro et al, 1998); (ii) during fetal epidermal develop-
ment, a competent barrier and a Ca gradient appear simulta-
neously (Elias et al, 1998b); (iii) in organotypic keratinocyte
cultures, a Ca gradient appears as barrier function improves
(Vicanova et al, 1998); and ¢nally (iv) with sustained extremes in
environmental humidity (Denda et al, 1998), the Ca gradient
changes in parallel with the humidity-induced modulations in
barrier function (Elias et al, 2002). Here, we performed
additional manipulations that show directly the interdependence
of the epidermal Ca gradient and barrier status (Fig 5). The addi-
tional correlative approaches comprised two unrelated models in
which barrier recovery is delayed after acute abrogation; i.e., ap-
plication of the lipid synthesis inhibitor, lovastatin (Feingold et al,
1990) and exposure of perturbed sites to cold (Halkier-Sorensen
et al, 1995). In both models, not only was barrier recovery delayed,
but reappearance of a Ca gradient was retarded, as well.
Direct evidence for the relationship between barrier status and
the Ca gradient was shown again, using the acute model, with
and without vapor-permeable occlusion.When acutely perturbed
sites were allowed to recover normally at room temperature, bar-
rier recovery was still in its initial stages at 3 h (E 35% recovery),
with 50% recovery by 6 h (Mao-Qiang et al, 1995).Whereas the
Ca gradient is lost after acute perturbations, it does not begin to
reform until 6 h (Menon et al, 1992b; Mauro et al, 1998).We there-
fore exploited the 3 h time-point to ascertain whether arti¢cial
barrier restoration with two, unrelated methods of partial occlu-
sion, petrolatum or Gore-Texs, would accelerate reappearance of
Figure 3. Barrier recovery is delayed at 41C, with or without occlu-
sion. Sets of normal hairless mice were tape-stripped until TEWL4 4 mg
per cm2 per h, and either allowed to recover at room temperature, at 41C
by immersion in iced normal saline (NS), exposure to cold air (4^101C), or
occluded with Gore-Texs, followed by application of iced NS. Data
shown represent mean7SEM of the percent barrier recovery at 5 h (n¼ 5
or 6 for each group).
Figure 4. Arti¢cial restoration of barrier accelerates return of Ca
gradient, even at 41C. (A) Five hours after tape-stripping (TS) and air
exposure at 231C, substantial Ca has returned to epidermis. (B) Immedi-
ately after TS and prior to exposure to cold air (Pre: ^41C), the Ca gradient
is absent; i.e., levels of precipitate in SG and stratum spinosum (SS) are
very low. A few precipitates are present in the basal layer (SB). In contrast,
tape-stripped epidermis, maintained at 4^101C (cold air) reveals substantial
return of Ca to epidermis, with a few precipitates reaching the SC, but no
gradient formation. (C) In contrast, tape-stripped, cold-exposed sites, oc-
cluded with Gore-Texs (GT) reveal a substantial return of the Ca gradient;
i.e., higher levels in the SG than in the basal/spinous layers. Scale bars: (A) 2
mm, (B^D) 1.0 mm. Pyroantimonate precipitation, followed by OsO4 post-
¢xation.
Table I. Epidermal Ca distribution 5 h after tape-stripping7occlusion. Epidermal calcium distribution in normal and tape-
stripped7Gore-Texs-occluded mice, followed by cold (4^101C), warm or room temperature (air) liquid exposure. Both cold-
and warm-exposed sites were exposed to solutions or air alone, as in Materials and Methods. Semiquantitative scale ranges from 0
(absence of calcium precipitates) to density þ þ þ þ (maximum). Skin temperatures in cold-exposed animals, occluded with
Gore-Texs were E2^31C higher (12^131C) than in animals with cold-exposed, nonoccluded sites (8^101C)
Warm exposure (331C) Room temperature (231C) Cold exposure (iced normal saline) Cold exposure (cold air)
Tape-stripped Tape-stripped þ Tape-stripped Tape-stripped
Layer Tape-stripped Normal skin Tape-stripped Normal skin alone Gore-Texs alone Gore-Texs
SC 0/þ 0 0/þ 0 þ 0/þ 0/þ 0/þ
SG þ þ /þ þ þ þ þ þ þ /þ þ þ þ þ þ þ þ þ þ þ þ þ /þ þ þ þ þ þ /þ þ
Stratum spinosum þ þ þ þ þ þ þ þ þ þ þ
Stratum basale þ þ þ þ þ þ þ þ þ
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the Ca gradient. Indeed, we showed that the Ca gradient substan-
tially reappears at 3 h, with restoration of barrier function by
either method, whereas no gradient was yet present in air-ex-
posed controls. It is important to note, however, that neither bar-
rier recovery (Grubauer et al, 1989) nor reappearance of a Ca
gradient (Menon et al, 1992b) occur under a vapor-impermeable
(e.g., Latexs) membrane. Moreover, application of neither
Gore-Texs nor petrolatum accelerate endogenous barrier recov-
ery; recovery is actually impeded under occlusive dressings in in-
verse proportion to their vapor-permeability (Grubauer et al,
1989; Proksch et al, 1991). Hence, the accelerated reappearance of
the Ca gradient is dependent upon the vapor-permeability of
the occlusive dressing, with restriction of transcutaneous water
movement to low, but measurable rates: vapor-permeable mem-
brane (Grubauer et al, 1989; Proksch et al, 1991) and petrolatum
(Ghadially et al, 1992; Halkier-Sorensen et al, 1995; Mao-Qiang
et al, 1995). It is likely that, whereas a competent barrier allows
low rates of transcutaneous water loss, it impedes the outward
movement of ions. Thus, ongoing water loss, with restriction of
ion movement, together explain the epidermal Ca gradient.
Finally, we performed experiments that address the question:
Are active metabolic processes required for Ca gradient forma-
tion, or do passive mechanisms su⁄ce? The epidermis possesses
a wide array of energy-dependent Ca pumps (Mauro et al, 1993;
Bale and Toro, 2000; Missiaen et al, 2000), which in theory, could
regulate Ca gradient formation. Our results strongly suggest that
passive processes alone can account for gradient formation, be-
cause the Ca gradient reappears when barrier recovery is arti¢-
cially corrected in cold-exposed sites that are occluded with
Gore-Texs. The success of these experiments requires that skin
temperatures remain su⁄ciently depressed under the Gore-Texs
wrap, so that metabolic activity is largely shut down. The small
degree of barrier recovery that occurred in Gore-Texs-wrapped,
cold-exposed vs cold-exposed, nonoccluded sites can be
explained by a slightly higher skin temperature. But the substan-
tial inhibition of barrier recovery under the Gore-Texs is consis-
tent with a virtual shut-down of metabolic activity due to cold
exposure. Thus, the Gore-Texs studies support a largely or
purely passive mechanism for Ca gradient formation; i.e., passive
mechanisms alone appear to su⁄ce for formation of the Ca
gradient.
The potential importance of the relationship between barrier
function and the Ca gradient is shown in Fig 5.With improving
barrier function and further restriction of transcutaneous water
loss, the levels of Ca in the outer epidermis increase, leading to
accelerated expression of di¡erentiation-speci¢c proteins, further
improving barrier function. Direct evidence for this positive
feedback loop comes from studies where barrier function im-
proves in response to a decline in environmental humidity (Den-
da et al, 1998), i.e., the Ca gradient is accentuated, and expression
of di¡erentiation-speci¢c proteins increase at a lower humidity
(Elias et al, 2002). Conversely, prolonged exposure to an elevated
humidity abrogates barrier function (Denda et al, 1998), with loss
of the Ca gradient and decreased di¡erentiation (Elias et al, in
press). Finally, TEWL is increased in EFAD (essential fatty acid
de¢ciency), as well as in diseases such as psoriasis and atopic der-
matitis, in association with loss of the Ca gradient (Menon and
Elias, 1991; Menon et al, 1994; Pallon et al, 1996), decreased di¡er-
entiation (Detmar et al, 1990; Schroeder et al, 1992; Ishida-Yama-
moto and Iizuka, 1995; Ishida-Yamamoto et al, 1996; Fujimoto
et al, 1997), and an increased risk of disease ampli¢cation (Fig 5)
(Elias et al, 1999).
In summary, we have provided direct evidence that permeabil-
ity barrier status regulates the formation of the epidermal Ca gra-
dient, and that passive di¡usion, rather than active mechanisms,
appears to su⁄ce to explain gradient formation. This barrier-
dominant model is consistent with situations where TEWL is
either normal or abnormal, providing a unifying hypothesis for
a central role for barrier function in regulating epidermal func-
tion, as well as the pathogenesis of dermatoses characterized by
abnormal barrier function.
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